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Recently, chemical vapor deposition (CVD) on copper has been becoming a main method for preparing large-area and high-  
quality monolayer graphene. In this paper, we first briefly introduce the preliminary understanding of the microstructure and 
growth behavior of graphene on copper, and then focus on the recent progress on the quality improvement, number of layers  
control and transfer-free growth of graphene. In the end, we attempt to analyze the possible development of CVD growth of gra-
phene in future, including the controlled growth of large-size single-crystal graphene and bilayer graphene with different stacking 
orders. 
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Graphene, a novel two-dimensional crystal, holds great 
promise in a wide range of applications such as electronics, 
transparent electrodes, energy storage, and functional com-
posites due to its excellent properties such as giant carrier 
mobility, superior thermal conductivity, high transparency 
and good chemical stability [1,2]. Among all the developed 
synthesis methods, chemical vapor deposition (CVD) has 
been attracting increased interests for growing large-area high- 
quality graphene film. In 2009, Li et al. [3] first realized the 
CVD growth of centimeter-sized graphene films dominated 
by monolayers (about 95%) by using polycrystalline copper 
(Cu) foil as a substrate. These graphene films show high 
quality with a carrier mobility up to 4050 cm2 V1 s1. In 
contrast to the CVD growth of graphene on nickel (Ni), 
which follows a carbon segregation/precipitation mecha-
nism, graphene grown on Cu is superior in both the control-
lability and uniformity of the number of layers due to the 
self-limiting surface adsorption growth mechanism [4]. 
Moreover, it has a great potential to grow very large films. 
For example, Bae et al. [5] have realized the roll-to-toll 
production of 30 inch monolayer predominated graphene 
films. However, there is a large variation in the quality of 
graphene on Cu prepared by different groups with the carrier 
mobility varying from several hundreds to several thou-
sands of cm2 V1 s1. These values are far below the theo-
retical limit (~106 cm2 V1 s1), and merely comparable to 
those of the commercial silicon materials. Meanwhile, it is 
necessary to develop the CVD process for growing high- 
quality few- and multi-layer graphene since monolayer 
graphene is unable to satisfy the requirements of certain 
applications. In addition, it still remains a great challenge to 
realize the nondestructive and efficient transfer of large-area 
high-quality CVD grown graphene. Extensive efforts have 
been devoted to addressing the above issues in the past two 
years. In this paper, we will first briefly introduce the pre-
liminary understanding of the microstructure and growth 
behavior of graphene on Cu, and then focus on the recent 
progress on the quality improvement, number of layers con-
trol and transfer-free growth of graphene. In the end, we 
attempt to analyze the possible development of CVD growth 
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of graphene in future. 
1  Preliminary understanding of the microstruc-
ture and growth behavior of graphene on Cu 
1.1  Correlation between graphene growth and crystalline 
orientation of Cu  
During the CVD growth process, Cu serves as both the 
growth substrate and the catalyst. Laminated Cu foils have 
been widely used for graphene growth, which are typical of 
polycrystalline structure and complex surface morphology. 
Therefore, it is necessary to clarify the influence of crystal-
line orientation and surface microstructure of Cu substrate 
on the structure and quality of graphene. Gao et al. [6] in-
vestigated the growth behavior of graphene on Cu(111) 
surface under ultra-high vacuum at 1000°C, where ethylene 
was used as the carbon source. Scanning tunneling micros-
copy (STM) observations clearly revealed the heterogene-
ous nucleation of graphene on Cu(111) surface, in which 
graphene initially nucleates as sparse islands and gradually 
grows to “stitch” together to form larger domains. On the 
basis of moiré pattern between graphene and Cu substrate, 
there are two prominent alignments (0° and 7°) of graphene 
islands over Cu(111) surface, while others are random align-
ments. Generally, no precise epitaxial alignment of gra-
phene on Cu can be observed, consistent with the weak in-
teractions between graphene and Cu substrate. In particular, 
a large amount of domain boundaries (or grain boundaries) 
were formed between the graphene domains (or grains) with 
various in-plane orientations, suggesting the polycrystalline 
nature of CVD graphene grown on Cu surface. However, 
strong correlation has been found between the surface crys-
talline orientation of Cu foil and the number of layers, qua-    
lity and morphology of graphene. It seems that low-index 
Cu facets are more favorable for the formation of monolayer 
graphene with fewer defects as compared to the high-index 
surfaces [7]. Several independent studies have demonstrated 
the advantage of Cu(111) over other surfaces for growing 
high-quality monolayer graphene [7–9]. This has been as-
cribed to the different adsorption and diffusion processes of 
carbon-containing species over different Cu facets [7]. 
1.2  Correlation between graphene growth and surface 
morphology of Cu  
Early work has demonstrated that the monolayer graphene 
is continuous over Cu grain boundaries, implying that the 
surface morphology of Cu substrate has negligible effect on 
the continuity of graphene [3]. Detailed STM studies on the 
graphene grown on both polycrystalline Cu foil and single- 
crystal Cu(100) indicated that the graphene layer remains 
atomically continuous while crossing the corrugated struc-
tures (e.g. atomic steps and vertices), surface defects (e.g. 
dislocations and atomic protrusions) [10,11] and even 
amorphous regions on Cu [12]. These results present addi-
tional evidence to support that the interaction between gra-
phene and Cu surface is weak. Yet, it was found that the 
conforming of graphene plane to the highly corrugated sur-
face regions leads to the uneven strain and breaking of 
six-fold symmetry of the carbon lattice [12]. Orientation 
rotation was also observed while the graphene domains 
cross the step bunches of Cu surface, which inevitably leads 
to the formation of rotational boundaries within graphene 
domains [13]. In addition, the rough regions on Cu with 
more defects facilitate the nucleation of polycrystalline 
graphene while flat regions favor the formation of single- 
crystal graphene [13]. Therefore, smooth Cu surface would 
be desirable for growing high-quality single-crystal graphene 
domains.  
1.3  Microstructure and grain boundaries of polycrys-
talline graphene grown on Cu 
Although Gao et al. [6] have shown the polycrystalline na-
ture of graphene layer grown by CVD on Cu, it still remains 
a challenge to characterize the microstructure of grain 
boundaries and to analyze the corresponding grain size dis-
tribution. Recently, the atomic structure of grain boundaries 
of CVD grown graphene has been revealed by researchers 
from Cornell University using aberration-corrected annular 
dark-field scanning transmission electron microscopy [14]. 
Their results show that graphene grains of different orienta-
tions are stitched together by a series of pentagons, hepta-
gons and distorted hexagons. They also obtained the map of 
graphene grains by using dark-field transmission electron 
microscopy, in which the grain size can be directly meas-
ured. Comparison of the grain size distribution of graphene 
prepared by different CVD process suggested that the aver-
age grain size increases with increasing the purity of Cu 
substrate and the heating rate. Similar results have been 
observed by the researchers from University of California at 
Berkley and Lawrence Berkeley National Laboratory using 
the same characterization method [15]. Statistic analyses 
revealed the presence of preferential misorientations around 
0° and 30°, with others being randomly aligned. However, 
the statistic results of 46 grain boundaries reported by An et 
al. [16] showed that the misorientations of graphene grains 
are mainly located between 11° and 30°. Such variations 
may be attributed to the differences of graphene micro-
structures obtained by different growth conditions. 
2  Controlled growth of graphene by CVD 
2.1  Improvement of graphene quality 
On the basis of the studies of the correlation between gra-
phene growth and crystalline orientation of Cu substrate, it 
would be an effective approach to grow high-quality mono-
layer graphene by using Cu(111) predominated Cu foil/film 
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or single-crystal Cu(111) [79]. Reddy et al. [17] used  
single-crystal Cu(111) film thermally evaporated on - 
Al2O3(0001) as a substrate to grow graphene at 1000°C by 
CVD. Raman measurements showed that monolayer pre-
dominated graphene films were formed on single-crystal Cu 
(111) surface with fewer defects compared to those grown 
on polycrystalline Cu substrates. Hu et al. [18] used similar 
substrate and compared the microstructure of graphene 
grown at 900 and 1000°C. They also found that Cu(111) 
surface favors the formation of monolayer graphene, with 
superior uniformity to those grown on polycrystalline Cu. 
Moreover, the growth temperature significantly influences 
the quality of graphene. The samples grown at 1000°C ex-
hibited a high quality while those obtained at 900°C con-
tained a large number of defects. Low energy electron dif-
fraction analysis suggested the epitaxial growth of graphene 
on Cu(111) surface at 1000°C with the misorientations of 0°. 
In contrast, only a preferred alignment angle of 7° was 
found for the samples grown at 900°C. Therefore, high 
growth temperature is essentially important for growing 
high-quality graphene. Although graphene layer remains 
atomically continuous upon crossing structural corrugations 
and defects in Cu substrate, the corrugated surface structure 
facilitates the formation of defects and strain in graphene 
[12,13]. In addition, it promotes the generation of cracks 
and large wrinkles in graphene upon transferred to target 
substrate since the graphene layer duplicates the corrugated 
morphology of substrate [19]. Luo et al. [20] examined the 
effects of surface roughness of Cu foil on the quality of 
graphene. They used the electropolishing process to decrease 
the surface roughness of Cu foil by 10–30 times, and found 
that the carrier moblity of the graphene thus obtained can be 
improved from 50–200 cm2 V1 s1 to 400–600 cm2 V1 s1 
by using the polished Cu as a substrate under identical 
growth conditions. Alternatively, Han et al. [21] used 
chemical mechanical polishing method to decrease the sur-
face roughness of Cu foil. Their results revealed that the 
smooth Cu surface not only improves the quality of gra-
phene (lower sheet resistance) but also reduces the nuclea-
tion density, which increases the uniformity of large-area 
graphene film. Therefore, smooth and high-purity Cu sub-
strate is preferred for growing high-quality graphene. 
As a typical line defect in polycrystalline graphene, grain 
boundary tend to increase the carrier scattering in graphene, 
thus decreasing the carrier mobility. Theoretical analysis by 
Yazyev and Louie [22] indicated that the grain boundaries 
of specific structure might lead to the formation of transport 
gaps for charge carriers. Yu et al. [23] prepared single- 
crystal graphene with hexagonal shape by using ambient 
pressure CVD (APCVD). They found that the grain bound-
aries significantly increase the electrical resistance by com-
paring the electron transport within and between the gra-
phene grains. Therefore, realization of effective control over 
the grain boundary would improve the carrier transport of 
graphene and the consistency of graphene-based devices. To 
this end, one of the promising approaches for mitigating the 
effects of grain boundary is to reduce the number of grain 
boundaries by preparing large-size graphene grain. From the 
perspective of growing graphene by CVD, it is necessary to 
reduce the nucleation density of graphene for the growth of 
large graphene grains. Li et al. [24,25] demonstrated that the 
CVD growth parameters strongly influence the density of 
graphene nuclei. Generally, the density of graphene nuclei 
decreases with increasing the temperature, lowering the 
partial pressure and flow rate of methane [24]. To overcome 
the concomitant decrease in growth rate, a two-step growth 
process was developed to grow large-size graphene grains, 
in which a low graphene nuclei density was obtained using 
high-temperature, low partial pressure and flow rate, fol-
lowed by rapid growth via increasing the partial pressure 
and flow rate. However, only moderate improvement was 
obtained with grain size increasing from ~6 to ~12 m. 
Their further studies showed that nearly 500 m graphene 
grain can be formed on the inner side of a Cu-foil enclosure 
using a much lower methane flow rate and partial pressure 
[25]. This approach provides a novel route for growing 
large graphene grain on Cu substrate, but the mechanism 
involved needs further investigations. Given that graphene 
nuclei is preferentially formed at the surface defects, it is 
possible to further improve the size and quality of graphene 
grain by using smooth low-defect Cu(111) as substrates. 
Recent studies showed that the concentration of hydro-
gen also plays an important role in improving the quality of 
graphene during CVD. Hydrogen was widely used to elim-
inate the oxygen-containing impurities (e.g. O2, H2O) in the 
CVD growth of graphene due to its reducing effect at ele-
vated temperature. However, Gao et al. [26] found that a 
high hydrogen concentration degrades the quality of gra-
phene in a APCVD process as a result of the increased de-
fects (e.g. grain boudaries) and wrinkles. Similarly, Vlas-
siouk et al. [27] demonstrated the presence of a critical val-
ue of hydrogen concentration for graphene growth. No gra-
phene nucleation was observed below this value, while high 
hydrogen concentration caused a great degradation in the 
quality of graphene. Based on these observations, it was 
proposed that hydrogen has “dual effects” on the growth of 
graphene: the hydrogen atoms dissociated by hydrogen 
molecules at elevated temperature act as both the co-catalyst 
for methane dissociation and the etchant for graphene edges 
and inner defects. Therefore, the quality and size of gra-
phene grains might be further improved by optimizing the 
hydrogen concentration. 
2.2  Control of the number of layers 
As mentioned above, monolayer predominant graphene film 
can be selectively grown on Cu substrate by CVD [3]. 
However, high-quality few- and multi-layer graphene is also 
highly desired since monolayer graphene is unable to satisfy 
the requirements of certain applications. For instance, mon-
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olayer graphene suffers from a serious current leakage in 
electronic devices due to its intrinsic zero bandgap [2]. 
Therefore, it is of great significance to synthesize graphene 
with desirable bandgap for its potential applications in elec-
tronics. One of the possible solutions is to use AB stacking 
bilayer graphene, which allows a gate-controlled, continu-
ously tunable bandgap [28]. In addition, few-layer graphene 
is expected to show much better electrical conductivity 
compared to monolayer graphene, and therefore can be used 
as high-performance transparent electrodes. Recent studies 
have demonstrated a close correlation between the CVD 
growth parameters and the number of layers of graphene 
obtained, which enables the formation of bilayer and 
few-layer graphene on Cu substrate. The key to growing 
bilayer and few-layer graphene is the high concentration of 
active carbon species. Yan et al. [29] developed a novel 
epitaxy CVD method to grow bilayer graphene, which in-
volvs the use of Cu placed upstream as the catalyst for dis-
sociating carbon source to epitaxially deposit the second 
layer on the existing monolayer graphene, with the highest 
coverage of 67%. Selected area electron diffraction meas-
urements confirmed the the AB stacking of the bilayer gra-
phene obtained. Lee et al. [30] have demonstrated that 
large-area continuous bilayer graphene film can be formed 
by simply decreasing the cooling rate of CVD process. 
However, Raman spectra suggested that the bilayer gra-
phene film obtained is typical of non-AB stacking structure. 
Alternatively, Luo et al. [31] showed that continuous bilayer 
graphene film can be formed by a combination of high con-
centration of carbon source and prolonged growth time. 
Raman results showed that strongly coupled or AB stacking 
bilayer structure predominates in this film, but the film still 
suffers from non-uniformity with the presence of tri-layer 
and monolayer areas. Cai et al. [32] demonstrated that high 
concentration of carbon source allows the formation of 
few-layer graphene film on Cu foil by significantly increas-
ing the partial pressure of methane in low-pressure CVD 
process, which, however, suffers from high concentration of 
structural defects. Robertson et al. [33] showed that few- 
layer graphene can also be formed using high concentration 
of carbon source via APCVD. Their results revealed that the 
formation of few-layer graphene film starts from the is-
land-shaped few-layer nuclei, which then grow and stitch 
together to form continuous film. However, it still remains a 
great challenge to control the stacking structure and to im-
prove the uniformity of CVD grown bilayer and few-layer 
graphene film. 
2.3  Transfer-free growth of graphene 
For various applications, graphene is required to place on 
specific substrates, most of which are non-metallic. Wet- 
chemical route has been widely used to transfer graphene 
from the metal growth substrates onto target substrates. 
However, the impurities (e.g. residues of transfer media) 
and cracks/holes introduced in this transfer process would 
inevitably degrade the quality and uniformity of CVD gra-
phene [19]. Furthermore, the transfer process not only in-
creases the cost but also leads to a low efficiency in the 
preparation of large-area graphene. In addition to develop-
ing novel transfer methods, transfer-free growth provides an 
alternative strategy towards solving this issue. Ismach et al. 
[34] used Cu film (450 nm in thickness) on Si wafer as a 
substrate to grow graphene at 1000°C and 13–65 Pa. Upon 
the formation of graphene, Cu was evaporated by prolong-
ing the heating time (up to 7 h) at elevated temperature and 
low pressure, thus leaving the graphene in direct contact 
with the Si wafer. Although this approach precludes the 
impurities and possible damage involved in the wet chemi-
cal transfer, large amounts of defects are formed in gra-
phene during this process, together with a low efficiency. 
Similar Cu film on Si wafer was used as a substrate for 
CVD growth of graphene by Su et al. [35]. They found that 
methane molecule would diffuse across the grain bounda-
ries of Cu film and form graphene at the interfaces between 
Cu film and Si wafer upon decreasing the thickness of Cu 
film to 300 nm and lowering the growth temperature to 
900°C. Continuous graphene film could then be obtained on 
the surface of Si wafer by etching the Cu film with chemical 
etchant. In sharp contrast to a typical CVD process, it is 
difficult to directly control the concentration of carbon 
sources in the form of gas at the interfaces for this method. 
As a result, non-uniform few-layer graphene was obtained 
with a carrier mobility of 672 cm2 V1 s1. Recent progress 
in transfer-free growth of graphene on Ni substrate [36] and 
CVD growth of graphene on Cu using solid carbon sources 
[37] suggests that the quality and uniformity of graphene 
formed at the interface might be further improved by using 
solid carbon sources.  
3  Concluding remarks 
Since the first report of CVD growth of large-area and high- 
quality graphene on Cu foil in 2009 [3], CVD has attracted 
extensive attentions as an effective approach for synthesiz-
ing uniform monolayer graphene. The rapid development of 
CVD growth of graphene has strongly promoted the appli-
cation explorations of graphene in a wide range of fields 
such as transparent conductive electrodes and radio fre-
quency devices. However, it still remains a great challenge 
to improve the control over the quality and microstructure 
of graphene obtained by CVD. Recent studies have shown 
that structural defects of graphene can be reduced by con-
trolling the surface crystalline orientation, lowering the sur-
face roughness and reducing the surface defects of Cu sub-
strate. Bilayer and few-layer graphene can be formed by 
modifying the CVD process and optimizing the growth pa-
rameters. Interfacial growth between metal film and non- 
metal substrate enables the direct formation of relatively 
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high-quality graphene on the non-metal substrates (e.g. Si 
wafer). Realization of effective control over the grain 
boundary, which is the typical line defect in polycrystalline 
graphene, would increase the carrier transport of graphene 
and the consistency of graphene-based devices. Thus, it is 
highly desirable to grow large-size high-quality single- 
crystal graphene by using CVD in future. In addition, the 
application studies based on high-quality CVD graphene 
would be significantly facilitated by using uniform large- 
area high-quality bilayer and few-layer graphene combined 
with improved structural controllability. In particular, the 
control over the stacking of bilayer and few-layer graphene 
is crucially important, which largely depends on the under-
standing of nucleation and growth mechanism of graphene 
in the CVD process. 
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